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A superconducting Nb thin film with triangular arrays of pinning sites has been fabricated to
investigate the commensurate vortex lattices. Vortex-vortex interactions in this pattern film make the
observed anisotropy in the pinning properties. Periodic minima appear in the magnetoresistance
curves at equal field intervals that can be associated with matching effect. The transport properties
at near critical temperatures show anisotropic pinning properties related to the configuration of
pinning centers. The critical current is depressed when the driving force is applied along the short
diagonal in the rhombic unit cell of pinning array. It implies that the pinning potential along the
short diagonal creates a moving channel of vortices in triangular arrays of defects. The pinned and
interstitial vortices can be movable in an incommensurate vortex row and a straight unhindered
one-dimensional path. @004 American Institute of Physic§DOI: 10.1063/1.1690971

I. INTRODUCTION Herein, another way is provided to deal with these problems.
Two different current paths are applied along the triangular

The flux pinning behavior in type Il superconductors is arrays of circle pinning sites to investigate the anisotropic

strongly influenced by the presence of defects that act asroperties of pinning effect. The magnetoresistaighR)

pinning centers. Arich variety of static and dynamical phasesnd critical current I(;) curves reveal strong anisotropic

can occur due to the competition between the vortex-vorteproperties that allow us to study the interaction between flux

and vortex-pin interactions. Nowadays, studying the interaclines and pinning centers.

tion between the vortex lattice and the arrays of submicro-

metric pinning centers remains one of the most interesting. EXPERIMENT

works3 ' Theoretical simulation$? as well as

experiment$ ! in periodic pinning arrays, including holes,

antidots, and magnetic dot arrays, etc., have found numero : ) . . . T :

commensurability effects in which the pinning is enhanced a eam lithography in conjunction with reactive ion etching.

applied fields where the number of vortices equals an integer h'srfg%cﬁs IS tstlr?rzlacrj ;ﬁw}havtv&u?llsrfdml]?nolur prriw?rus
or a rational fraction of number of pinning sites. The flux eports. € patierne s our-te al geometry

pinning force and pinning mechanisms corresponding to pin\-Nere completed by a dc sputtering of the niobium film over

ning centers can be understood in terms of investigating ththe triangular hole arrays. Figuréal shows a scanning elec-

matching effect in an array of defects in transport and magfron microscopel SEM) micrograph of triangular arrays of

o . . ~“corrugated pinning sites with the spacing of 545 nm and the
netization measurements. In previous reports, the PINNING 6 giameter of around 300 nm, which are embedded in the

force .COUId.be affected by_ghl% ﬁharacteriz_ati_on of IOinning100 nm thick superconducting Nb thin film. These length
dots, i.e., Ni, Ag, Co/Pt, ete."**™but the pinning mecha- scales are comparable with the superconducting coherence

nisms are still worth exploring. In addition, it is not yet fully length of Nb close to critical temperatur€g). MR measure-
understood that the pinning centers with size of the order o ents were carried out by a four-probe technique in a

the relevant length can pin either one vortex or muItiquantaSQUID system with a low temperature fluctuation within 3
vortices. For small pinning sites, only a single vortex will be mK, and the external magnetic field was applied perpendicu-
trapped at an individual pinning center and the interstitial|ar to the film plane and transport current. Also, the geometry
\{ortices play an important role on the dynamic.s of flux vor- ¢ Fig. 1(a) allows the driving current to be applied along
tices. The recent development has even provided a methqg, girections. These two current paths can be applied with
for the analysis of the anisotropic pinning effect with rectan-rggpact to the rhombic unit cells of the triangular arrays of
gular magnetic dot arrdy and triangular blind antidote's’ pinning sites, as sketched in Fig(bl Case A is for the

current along the short diagonal and case B is for the current
dElectronic mail: yangtj@cc.nctu.edu.tw along the long diagonal direction. The resistance measure-

Arrays of submicrometric holes with 70 nm depth have
en prepared on SiN-coated Si wafers by using electron
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FIG. 1. () SEM micrograph of the patterned sample. The triangular arrays H(Oe)

of corrugated holes with the spacing of 545 nm and the hole diameter of

around 300 nm, embedded in the 100 nm thick superconducting Nb thirll:IG' 2. Magnetoresistanc&_e curves, me_asure‘ﬂ=a8.49 K'and with differ-
films. (b) Schematic of the current geometry relative to the rhombic unit ent current strengths, obtained in two different current paths for the same Nb

gevice for(a) case A andb) case B. Thenth dip appears at a magnetic field

cell. Case Ais for the current along the short diagonal, while case B is alon " -
B,=nB;, wheren is an integer and8, =80 Oe.

the long diagonal direction.

ments for this Nb device shows a metallic behavior as guperconductors as pinning centers. Hence, the vortex lat-

function of temperature from room temperature to the onsetices are highly ordered ath matching fields and form cer-

of superconductivity, and the superconducting transition igain geometrical configurations

observed to be arourifl.,,=8.56 K at zero field. Figure 3 shows the critical current as a function of mag-

netic field, 1.(H), normalized tol ,=I.(H=0), at T/T,

=0.992. The maxima of critical currents appear at matching

fields for both cases. A strong anisotropy is found in the
As a whole, the MR curves measured in the mixed stateneasurements of the critical currents for different current

rise monotonically as the magnetic field is increased until the

normal state, af =8.49 K, as shown in Fig. 2. As the exter-

IIl. RESULTS AND DISCUSION

nal field is increased, the driving force that was attributed by 10°+ .
the transport current or the magnetic field becomes stronger, }! T/T =0992
such that the dissipation caused by the movement of the flux .3 ; —®—Case A
lines is increased. Furthermore, the MR curves with different ) Iy, .&\. 1 o CaeB
applied current strengths reveal a set of MR minima at equal 10 °°c;';:f O‘i-o. /‘ A

external magnetic field intervals for both cases. This can be . ‘30 AR

the ordered array of structure corrugations that clearly in- = o e *

duces a pinning effect in the Nb film. As can be seen in Fig. - 1024 ilv:'-

2, these MR minima appear at equal field intervalsAdd AR _/ %—-_,
=80 Oe. This field interval corresponds to a vortex density ARAS B

n,=B/®,=3.9x10° cm 2, where ®, is the flux quanta. coves

This is in good agreement with the pinning centers density 10° r

n,=3.89x10° cm 2 of the triangular arrays of pinning 80 160 240 320
sites. This implies that the defects in the artificial regular H (Oe)

arrays that are due to structural corrugation in the Nb th"":IG. 3. Critical current as a function of the magnetic field for a Nb film with

film a(_:t as very _strong pinning c_enters, in Contra_St to ee_‘r"eﬁ triangular array of defects. These curves are for ca¢ldand case B
experiments which used magnetic or nonmagnetic dots in the), respectively.
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IV. CONCLUSIONS

We have studied the anisotropic properties in a super-
conducting Nb film with triangular arrays of corrugated pin-
ning sites. Matching fields are found in the MR dndmea-
surements, being in good agreement with the theoretical
values based on the geometry of the rhombic unit cells of the
pinning sites. A clear anisotropy in the pinning behavior is
observed in the vortex dynamics along the two diagonals of

the rhombic unit cells of the triangular arrays of pinning
sites. Thd ; values for the current applied parallel to a short
diagonal are higher than that for a long diagonal. When the
vortices move along the short diagonal direction, the vortices
flow easily and the dissipation energy causing the flux flow is

directions. When the field is equal to the first matching field,high. The pinning force depends on the direction of the driv-
bothl,(H) and MR curves do not depend on the direction ofing force for a sample with the anisotropic geometry of pe-
the applied current. All vortex-vortex interactions betweenriodic pinning centers. Theé (H) data support an overall
the vortices pinned in the defects cancel out at the firsenhancement of the pinning force at all fields for vortices
matching field, so the depinning force of the single-site pin-moving along the long diagonal direction. These results in-
ning centers(i.e., the critical current density of supercon- dicate that the vortices can be moveable in a straight incom-
ductors, is the sameas can be seen in Fig. 3. Once the mensurate one-dimensional structure.

Lorentz force exceeds the pinning forces, all vortices leave

their pinning site simultaneously. This experimental result

demonstrates that the pinning force of the Nb device is iISOACKNOWLEDGMENTS
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FIG. 4. The vortices distributiortfilled circles and pinning sitegopen
circles for (a) the incommensurate row aitb) the interstitial flowing chan-
nel.



